INTRODUCTION
Although the Brownian motion of small droplet prevents sedimentation or creaming and provides kinetic stability, nanoemulsion at diluted range with droplet size in the range of 20-200 nm is a thermodynamic unstable system. In contrast, microemulsion at nanometer size is a thermodynamic stable system 1 , and is formed at much higher surfactant concentration. However, the use of high surfactant concentration limits its use in industries. Preparation of nanoemulsion often requires high energy shear, high-pressure homogenization, or ultrasound. High energy input breakup the large droplets into small ones. The composition, order of addition and path of dilution will affect the droplet size of nanoemulsion. Nanoemulsions can be also prepared at lower energy mixing by selection proper surfactant and physical chemical preparation methods. For example, nanoemulsion was prepared by phase inversion temperature PIT method with fatty alcohol ethoxylate nonionic surfactant 2 5 . In PIT methods, nanoemulsion is formed by rapidly heating or cooling through the hydrophilic-lipophilic balance HLB temperature. The emulsion is not stable with low interfacial tension at HLB temperature. In PIT process, the fatty alcohol ethoxyate become lipophilic with increasing temperature as dehydration of polyoxyethylene chains. Water-in-oil W/O microemulsions coexist with excess oil phase at higher temperature. At low temperature, oil-in-water O/W microemulsions coexists with excess oil phase. At intermediate temperature, HLB temperature, the ultralow interfacial tension exists in a bicontinuous, D phase microemulsion containing comparable amount of water and oil phases coexists with both excess water and oil phases, where spontaneous curvature becomes close to zero. Bicontinuous phase is passed during the process of changing from W/O emulsion at high temperature to O/W emulsion at low temperature, or vice versa from O/W to W/O emulsion. However, the PIT method requires high surfactant concentration. It also can not be used in temperature insensitive surfactant system such as ionic and sugar based nonionic surfactants 5 .
The solubilization of the oil in a zero curvature microemulsion can also facilitate formation of bluish transparent oil-in-water nanoemulsion at constant temperature 6 9 .
Solans s group 8, 9 has studied these processes that involve change the surfactant film spontaneous curvature by stepwise addition of water to a solution of the surfactant in oil. The phase behavior of oil-water-surfactant is important to find the optimum dilution path in formation of nanoemulsions. The applications of nanoemulsions have been found in food 10 , pharmaceutical 11 , cosmetic 12 , oil and gas indus- Key words: d-limonene oil, nanoemulsion, microemulsion, phase behavior jected fluids in tight gas reservoir, which has less adsorption of fluids on the formation and higher contact angles 15, 16 .
No systematic studies have been done on the formation of nanoemulsion using green natural ingredient, d-limenone, which is of great interests to the scientists and engineers exploring flow back aids of unconventional gas, flavor and fragrance additives.
In this report, we describe a study of phase diagram and formation of nanoemulsion of d-limonene, nonionic surfactant, solvent, and water system. D-limonene is selected as model oil as it is environmental friendly natural oil extracted from orange peels. Isopropanol is selected as co-solvent which is a commonly used in the oil industries. The nanoemulsion was prepared by optimum composition passing through bicontinous microemulsion regions from phase behavior studies. The transition of microstructure is characterized by electrical conductivity. The droplet size and size distribution of nanoemulsion was also characterized. Hence, instead of using high energy sonication and microfluidization of d-limonene to form nanoemulsion 17 , stable d-limonene nanoemulsion was prepared by the addition of an optimum microemulsion composition directly into water by gentle mixing at room temperature. The studies provide guidance to prepare d-limonene nanoemulsion system by low energy for practical applications.
EXPERIMENTAL PROCEDURES

Materials
Technical grade d-limonene was obtained from Florida Chemical Inc, USA. Isotridecanol ethoxylates-n i-C13EOn, n 4, 6, 10 , were obtained from Sasol. The structure of surfactant and oil is shown in Scheme 1. Isopropanol IPA was 98 in purity, and received from Sinopharm Chemcial Co, China. Water was deionized.
Methods
The phase diagram was determined by mixing of surfactant, solvent and water at different weight ratio. The samples were fully mixed with a vibromixer and equilibrated at 25 . The phase boundary lines between liquid crystal and isotropic phase were determined by consecutive addition of one component to mixtures at 5 increment. The two or multiphase phase can be detected by centrifugation of mixture and observation of liquid crystal birefringence through cross polarizer. For Winsor phase screening, samples were first gently rotated for 24 hours and then equilibrated for another 24 hours. In viscous liquid crystal phase, the samples were centrifuged to move bubble and equilibrated for 24 hours, and the microstructure was characterized by polarized optical microscope and small angle X-ray diffraction Anton Par SAXSess . Nanoemulsion droplet size was measured by Zetasizer nano2S
Malvern . Conductivity was determined with a Conductimeter Shengci DDS-11A, with a Pt/platinized electrode. The samples were prepared with an electrolyte solution 10 mM .
RESULTS AND DISCUSSION
Selection of Surfactant with Optimum HLB
From molecular geometrical consideration, surfactant with bulky hydrophobic structure is more efficient in forming the microemulsion for maximum in solubilization of oil, which is good for bicontinous microemulsion and lower interfacial tension in formation of nanoemulsions 18 .
For examples, silicone nanoemulsion was made by uses of optimum highly branched trimethylnonyl ethoxylates 19 , and branched hexadecyl benzene sulfonate has the lowest interfacial tension 20 . Hence, we selected branched i-C13EOn Scheme 1 as the model surfactants to emulsify. In order to find out optimum HLB surfactant for the formation of d-limonene nanoemulsion, different ethoxylate surfactant at fixed concentration was firstly screened for formulation of Winsor III phase 21 . Winsor III phase is a microemulsion in equilibrium with both excess water and oil. Winsor I phase is a microemulsion or swollen micelles in equilibrium with excess oil. Winsor II phase is a microemulsion or swollen micelles in equilibrium with excess water. The ultralow interfacial tension exists in Winsor III phase. In order to prepare nanoemulsion in diluted range, Winsor III microemulsion phase is needed to be present and passed. The optimum HLB surfactant for formation of Winsor III microemulsion is i-C13EO6 as shown in Table 1 .
Phase Diagram of d-limonene/i-C13EO6/isopropanol/ water
To study systemically the phase structure related to formation of nanoemulsion, four-component phase diagram was studied for optimum surfactant, i-C13EO6, isopropanol, d-limonene and water. The i-C13EO6 and isopropanol fixed at 4/1 ratio were combined as one component. The pseudo-ternary phase diagram of d-limonene/i-C13EO6/ isopropanol/water is shown in Fig. 1 . The nonionic surfacScheme 1 Structure of surfactants and oil studied.
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tant i-C13EO6 , isopropanol, and d-limonene are miscible with each other and form one single phase. D-limonene belongs to cyclic terpene with six member ring structure Scheme 1 . D-limonene is immiscible with water. Isopropanol was used as co-surfactant. Addition of water to i-C13EO6/ isopropanol/d-limonene mixture forms inverse micelle or water in oil W/O microemulsion, L 2 , below 20 water. A typical appearance of a sample, A1, in the L 2 area is shown in Fig. 1 . Addition of more water in range of 30-40 forms viscous liquid gel phase L α . A typical appearance of composition A2 within gel phase is shown birefringence between cross polarizer in Fig. 1 , which is typical liquid crystal optical behavior. The liquid crystal phase is lamellar liquid crystal L α which is characterized by flowable and coarse mosaic texture as shown in Fig. 2 under polarized microscope. The lamellar structure is further confirmed for their long-range ordering in small angle X-ray scattering peaks ratio of 1:2:3, which higher order of reflections are simple multiples of the first order one in a lamellar phase 22 . Further addition of water enters oil-inwater O/W or bicontinuous, L 1 , microemulsion range. A typical appearance of a sample, A3, in the L 1 area is shown in Fig. 1 . Mutiphases M, region containing water, oil and liquid crystal will be also entered for certain ratio of oil and water. The typical appearances of samples, B and C, in the M area are shown in Fig. 1 . The multiphase may have different amount of oil depending on water and oil ratio. Microemulsion phase transition can be understood by concept of critical packing parameter 23 , p:
where v is volume of surfactant, a is effective head group, l is length of surfactant. Steric chain-chain and oil penetration interaction affect v and l. When there is excess of oil and solvent in upper right corner of the phase diagram, the penetration of oil and solvent makes p 1, which gives inverted micelles and form W/O microemulsion. P value that approach one with less oil and solvent gives a lamellar liquid crystalline phase or a bicontinous microemulsion in the middle areas. A more flexible surfactant film favors the microemulsion over liquid crystal. Further addition of water with less oil and surfactant penetration will make p 1, the system will give spherical micelles and form O/W structure microemulsion.
The phase behavior in presence of oil and alcohol is better explained by intrinsic curvature of the interfacial region, called the Winsor R ratio 21 . R ratio is ratio of cohesive energy of all molecules in oil phase and aqueous phase:
Where A CO indicates the interaction between the surfactant adsorbed at the interface and the oil phase per unit area of interface, and where A CW indicates similar interaction for the water phase. For R 1 Winsor I , excess of oil Winsor III , both water and oil excess phases, bicontinuous structure, exists which the curvature is zero. Depended on relative amount of surfactant, water and oil or temperature for nonionic surfactant, a change in R ratio happens and the diagram is also changed, and passed through R 0, where the ultralow interfacial tension exists.
Association Microstructure Studied by Electrical Conductivity
The conductivity of the system is a useful tool to probe the microstructure of the fluids, and extensively studied by Smith and Solans group 8, 24 , where linear nonionic surfactant and hydrocarbon were used in the studies. To enhance sensitivity of electrical conductivity, samples were made with aqueous NaCl solution instead of pure water. It has been shown 25, 26 that phase behavior is not significantly changed with a low concentration of electrolyte in the system. The conductivity of the variable water fraction at 3 different ratios of d-limonene/ i-C13EO6 isopropanol is shown in Fig. 3 , which correspond to the compositions along 3 lines in Fig. 1 . The conductivity is low when oil is external phase and water is internal phase for water-in-oil microemulsion. The conductivity is also low in lamellar liquid crystal phase. As water fraction is further increased and enters the 2 phase areas with O/W microemulsion, the conductivity is increased drastically. Conductivity starts to increase at lower water fraction 40 for higher ratio of dlimonene/ i-C13EO6 isopropanol , 3/2, at the point when it enters 2 phase areas containing water external phase emulsion. The corresponding samples appear as more turbid emulsion above 50 water which is shown in Fig.   4a . For lower ratio of d-limonene/ i-C13EO6 isopropanol 2/3, conductivity increases at higher water fraction 60 . The corresponding samples appear as turbid emulsion above 60 water which is shown in Fig. 4c . The more water can be solubilized into lamellar liquid crystal region with relative higher ratio of surfactant. In between, conductivity increases at middle water fraction 50 for 1/1 ratio of d-limonene/ i-C13EO6 isopropanol . The corresponding samples appear as all relatively clear which is shown in Fig. 4b . It is noted that the slope of increase in conductivity is the highest for this 1/1 ratio of d-limonene/ i-C13EO6 isopropanol , which indicates a bicontinuous microemulsion coexist, in which the microemulsion in equilibrium simultaneously with excess water and hydrocarbon phase. The similar trend was observed in decane-C12EO4-H2O system 8 . Along optimum oil/surfactant ratio line, addition of water increases droplet number and reduces the distance of the droplet, which makes the droplet gradually interlinking and clustering each other and forms bicontinuous structure. The percolation conduction phenomenon occurs 27 .
Preparation and Droplet Size Distribution of Nanoemulsion
The phase change and formation of emulsions at different ratio of d-limonene/ i-C13EO6 isopropanol , 3/2, 1/1, 2/3, were evaluated with addition of water to d-limonene and surfactant solution. The dilution lines are shown in Fig.  1 . The photographs of the phase at each step are shown in Fig. 4 , which correspond to the points marked in the phase diagram from 10 to 80 water fraction at 10 increment in Fig. 1 . Photographs of further stepwise dilution from 98 to 99.9 water fraction are shown in Fig. 5 .
It can be seen in Fig. 5b that bluish clear nanoemulsion up to 99 water can be formed from dilution of microemulsion at d-limonene/ i-C13EO6 isopropanol 1/1. The results are consistent with conductivity studies which shows bicontinuous microemulsion exists at dilution path of d-limonene/ i-C13EO6 isopropanol 1/1. The zero spontaneous curvature of the surfactant is reached within this bincontinuous structure. Hence, ultralow interfacial tension is passed and forms nanoemulsion by dilution with gentle mixing 8, 19 . The system enters into multiphase turbid macroemulsion at dilution ratio of d-limonene / i-C13EO6 isopropanol 3/2 or 2/3, where no such bicontinuous phase exists at such ratio. The appearances of the 99.8 and 99.9 water fraction samples as clear in the photographs of Fig. 5a and 5c are actually due to oil separated out on the top of solution. It appears as transparent for such small amount of oil 0.1 . For practical oilfield industrial application, addition of microemulsion concentrate directly into large volume of water with gentle stirring was studied. The initial microemulsions at ratio of d-limonene / i-C13EO6 isopropa- Fig. 3 Electrical conductivity of emulsion/microemulsion by addition of 10 mM NaCl brine to surfactant-oil-solvent mixture at different oil/ surfactant ratio (alone lines Fig. 1 ).
nol , 1/1, with different water fraction of 10 , 60 and 90 were added to water up to 99.8 water fraction with gentle mixing. The concentration of surfactant and dlimonene is 0.08 and 0.1 respectively in nanoemulsion with 99.8 water. The droplet size distribution of nanoemulsion was determined by dynamic light scattering as shown in Fig. 6 . As it can be seen from phase diagram in Fig. 1 , the microemulsion forms water in oil microstructure when the water fraction is 10 . The microemulsion changes to bicontinous microstructure when the water fraction is 60 . The microemulsion changes oil-in-water microstructure when the water fraction is 90 . The nanoemulsion with average droplet size of 40 nm was obtained when initial microemulsion is within bicontinous structure. The size distribution 20-80 nm of nanoemulsion prepared from bicontinous microemulsion is also the narrowest as shown in Fig.  6b . The nanoemulsions prepared by dilution from W/O or O/W microemulsion have average droplet size 100 nm in diameter, while their size distribution is also much broader 20-300nm as shown in Fig. 6a and 6c .
In the formation of d-limonene nanoemulsion process, addition of water changes the phase behavior from a bicontinuous single phase stable microemulsion or liquid crystal to a 2-phase behavior that results in separation of droplets since it is no longer a stable phase. The formation of smaller nanoemulsion involves homogenous nucleation of oil from bicontinuous microemulsion range upon dilution and mixing with water 7 . Hence, the smallest size nanoemulsion can be prepared from d-limonene / i-C13EO6 isopropanol , 1/1 at water fraction 60 , which is in pre-inverted bicontinuous microemulsion single phase. The nanoemulsion prepared by this method is kinetically stable without changing in droplet size for months. In contrast, nanoemulsion with relative larger droplet size was formed by dilution at other higher or lower initial water fraction of Fig. 4 Appearance of samples at the dilution path of different oil/surfactant ratio. The labels show water fraction from 10% to 80% wt.
O/W or W/O microemulsion. Although they have the same oil/surfactant/solvent ratio, initial W/O microemulsion is not within bicontinuous structure, and initial O/W microemulsion is partially in equilibrated with bicontinuous microemulsion. The existing oil or water droplets may act as nuclei and trigger heterogeneous nucleation, which form in droplets with larger sizes and polydispersity 28 . Fig. 5 The nanoemulsion or emulsion prepared from diluting different oil/surfactant ratio. The labels show water fraction from 98% to 99.9% wt.
Fig. 6
Droplet size of nanoemulsion crash diluted from the ratio of d-limonene /(iC13EO6+isopropanol) , 1/1, from (a) water fraction at 10% wt, (b) water fraction at 60% wt, and (c) water fraction at 90% wt.
3.5 Association Microstructure Studied by Small Angle Xray Diffraction In order to understand the molecular interaction that affects nanoemulsion formation from associated surfactant structure, the interaction of oil and surfactant in lamellar liquid crystal phase was further studied by small angle X-ray diffraction. The small angle x-ray scattering results give the interlayer spacing d Fig. 7 . The interlayer spacing from surfactant with water, IPA and hydrocarbon was shown in Fig. 8 . An increased ratio of d-limonene/surfactant led to an increasing slope of the plot, and gave slightly higher interlayer spacing extrapolated to zero water content.
Hence, the hydrophobic molecule, d-limonene, must locate in C range of lamellar structure in Fig. 7 . The water molecules locate in A range. Obviously, the optimum surfactant and oil ratio in the middle favors the transformation of structure to form nanoemulsion during the dilution. The studies of emulsion and nanoemulsion range with small angle X-ray diffraction don t show any meaningful diffraction peaks due to weak diffraction. Further studies with small angle neutron diffraction will be used 7 .
CONCLUSION
The d-limonene nanoemulsion was prepared from an optimum formulation at room temperature. The optimized formulation was determined from phase behavior of d-limonene/isotridecanol ethoxylate-6/isopropyl alcohol/water. The nanoemulsion at extremely low surfactant and oil fraction can be directly formed from crash dilution of optimum microemulsion concentrate into large volume of water. The optimum microemulsion concentrate contains bicontinuous structures, and was obtained by stepwise addition of water into solution of surfactant, solvent and d-limonene mixture.
Fig. 7
The lamellar liquid crystal contains three zones:
A: water layer plus polar groups; B: hydrocarbon chain methylene groups; C: hydrocarbon chain terminal methyl group and space between them.
Fig. 8
The interlayer spacing versus volume ratio of water/ (D-limenonene+i-C13EO6+IPA) in lamellar liquid crystal region.
